The poor pixel resolution of CCD or CMOS cameras as compared to that of holographic films gives poor depth resolution for images which in turn severely undermines the usefulness of digital holography in densely populated particle fields. The authors in this paper present the numerical reconstruction process of digital holograms in different planes based on the Fourier transform and Convolution schemes. A comparative study of both of these reconstruction methods is made using a simple digital in-line holography recording setup. The complex amplitude information available from these reconstructed waves when used in particle extraction significantly improves particle axiaMocation accuracy compared with other optical reconstruction. Apart from this, since speckles and particles can be clearly differentiated in complex wave-field, this method also alleviates the speckle noise problem intrinsic to digital in-line particle holography.
amplitude, numerical reconstruction.
1.Introduction
The use of holography for the diagnostics of small particles can be traced back to late 1960 2. General Principles and Numerical Reconstruction The diffraction of a light wave at CCD or CMOS is described by the Fresnel-Kirchoff intergral. The discrete form of this integral 6 ) is given by-
where RKk'!) is the conjugate of the plane reference wave Bik,b, h{k,b is the hologram function, A is the wavelength used, d is the reconstruction distance, Ax and Ay are the pixel size of the CCD or CMOS in the horizontal and vertical directions respectively and N X N is the size at which the hologram function is sampled.
Equation (1)is one of the relations used in this paper for numerical reconstruction and is termed as the Fourier transform (FT) method by the authors in this paper.
The numerical reconstruction formula for the uonvolution (CV) approach is mathematically given byr(|,r ? )=S- The authors have also used the above equation (2) as the CV method for the purpose of numerical reconstruction in this paper.
Experimental Results
The digital hologram is recorded by using the in-line holography set-up as shown in The numerical reconstruction of this hologram is performed using equations (1)and (2) for the FT and CV methods respectively. Fig. 4(a) to Fig. 4(c) shows the intensity images of the numerically constructed holograms based on the FT method at three different construction distances. Similarly, Fig. 5(a) to Fig. 5(c) shows the intensity images of the numerically constructed holograms based on the CV method at three different construction distances. 
. Reconstructed intensity images based on FT approach
In all these reconstructed intensity images shown in both Fig. 4 and Fig. 5the in-focus particles appear as sharp black dots while the out-of-focus particles appear as hollow light concentric circles as depicted explicitly in Fig. 4(a) and Fig. 5(a) .
(a) and Fig. 5(a) . 
CV
It can be clearly seen from all these reconstructed intensity images that the particles which appear as focused at certain distance are defocused and disappeared when the reconstruction distance is changed in both FT and CV approaches. This signifies the possibility of locating each particle individually at different depths using a single recorded hologram.
Further, from the reconstructed intensity images displayed in Fig. 4 and Fig. 5 , one cannot see much difference between the FT and CV numerical methods of reconstruction. However, both these methods have some benefits and drawbacks when compared with one another. The FT approach is usually faster in computation than its counterpart CV approach because FT approach consists of computation of only one Fourier transform whereas CV approach which is time-consuming consists of at least two Fourier transforms. The FT approach usually suffers from the variable pixel dimension at the hologram plane as the pixel size of the numerically reconstructed image varies with the reconstruction distance. Another disadvantageous feature of FT method is the noise introduced by the zero-diffraction order. On the other hand the CV method offers the reconstructed images with the constant pixel size, i.e., in this approach the pixel size is independent of the holographic arrangement parameters and is equal to the size of CCD or CMOS pixel. Also, the reconstructed images in CV approach are usually free from the noise due to the zero order beams. In addition to all these benefits, there is one serious drawback of the CV method as it suffers from the interference called wrap-around error. This error can be avoided by increasing the size of the recorded hologram artificially before reconstruction but this too increases both space and time complexity. In this paper, the authors have artificially stretched the size of the recorded hologram from 1024 X 1024 to 2048 X 2048 by padding zeros around the original image to keep the reconstruction free of wrap-around errors but at the cost of increased space and time complexity.
Conclusion
The numerical reconstruction of digital holograms using FT and CV methods is presented and the comparison between both these reconstruction schemes is performed. The reconstructed intensity images of small particles at different depths using a single hologram signify that these reconstructed images can be applied for particle field extraction and tracking. The present authors will make further efforts to use these reconstructed images for the extraction and tracking of particles in their future work.
